A factor (2-isocapryloyl-3R-hydroxymethyl-␥-butyrolactone) is a representative of the ␥-butyrolactone autoregulators that trigger secondary metabolism and morphogenesis in the Gram-positive, filamentous bacterial genus Streptomyces. Here, we report the A factor biosynthesis pathway in Streptomyces griseus. The monomeric AfsA, containing a tandem repeat domain of Ϸ80 aa, catalyzed ␤-ketoacyl transfer from 8-methyl-3-oxononanoyl-acyl carrier protein to the hydroxyl group of dihydroxyacetone phosphate (DHAP), thus producing an 8-methyl-3-oxononanoyl-DHAP ester. The fatty acid ester was nonenzymatically converted to a butenolide phosphate by intramolecular aldol condensation. The butenolide phosphate was then reduced by BprA that was encoded just downstream of afsA. The phosphate group on the resultant butanolide was finally removed by a phosphatase, resulting in formation of A factor. The 8-methyl-3-oxononanoyl-DHAP ester produced by the action of AfsA was also converted to A factor in an alternative way; the phosphate group on the ester was first removed by a phosphatase and the dephosphorylated ester was converted nonenzymatically to a butenolide, which was then reduced by a reductase different from BprA, resulting in A factor. Because introduction of afsA alone into Escherichia coli caused the host to produce a substance having A factor activity, the reductase(s) and phosphatase(s) were not specific to the A factor biosynthesis but commonly present in bacteria. AfsA is thus the key enzyme for the biosynthesis of ␥-butyrolactones.
between different points of a hypha by point-to-point signaling. We therefore call ␥-butyrolactone signals in Streptomyces''microbial hormones.'' In addition to ␥-butyrolactones in Streptomyces, quorum-sensing signals, such as acylhomoserine lactones in Gram-negative bacteria and modified oligopeptides in Gram-positive bacteria, serve as chemical messages for communication with one another (4, 5) .
The ␥-butyrolactone regulatory system is distributed widely in Streptomyces and its related genera, because A factor and A factor homologues with a slight difference in their chemical structures and ArpA homologues are together present in a given actinomycete. Virginiae butanolides (VBs) and BarA that control virginiamycin production in Streptomyces virginiae (6) , IM-2 and FarA that control pigment production in Streptomyces lavendulae (7) , and SCBs and ScbR that control actinorhodin and undecylprodigiosin production in Streptomyces coelicolor A3(2) (8) are examples. In all of the cases, the ArpA homologues behave as a transcriptional repressor and the cognate ␥-butyrolactones release the repression by binding to the respective receptors, as has been shown for the A factor/ArpA system. Although these studies have established the mechanism by which ␥-butyrolactones trigger secondary metabolism and/or morphological differentiation, no definitive route or enzymes for the biosynthesis of ␥-butyrolactones have been elucidated.
Concerning the A factor biosynthetic enzymes, we proposed that AfsA was a key enzyme of A factor biosynthesis because (i) afsA mutants lost A factor productivity (9) , (ii) introduction of afsA into A factor nonproducing Streptomyces strains caused overproduction of A factor with a gene dosage effect (10) , and (iii) introduction of afsA into Escherichia coli caused the host to produce a substance having A factor activity (11) . However, the AfsA function has been controversial (12, 13) . Concerning the biosynthesis pathway, Sakuda et al. (1, 14, 15) proposed a route on the basis of feeding experiments in VB-producing Streptomyces antibioticus (see pathway A in Fig. 1 ). According to the proposal, the skeleton is formed by coupling between a carbon-3 (C 3 ) unit derived from glycerol and a ␤-keto acid derivative. However, the C 3 substrate and the catalyzing enzymes were still unknown.
We here describe in vivo and in vitro experiments to show that AfsA catalyzes ␤-ketoacyl transfer from 8-methyl-3-oxononanoyl-acyl carrier protein (ACP) [3a] to the hydroxyl group of dihydroxyacetone phosphate (DHAP) [2] (see Fig. 1 ). DHAP is derived from glycerol metabolism, and 8-methyl-3-oxononanoyl-ACP is an intermediate of fatty acid metabolism. This condensation is followed by modifications with phosphatases and reductases, resulting in A factor formation. Because these modifications also occur in E. coli, the phosphatase(s) and reductase(s) are not specific to A factor synthesis. As a reductase responsible for this reduction, BprA that is encoded just downstream of afsA was identified. On the basis of these findings, together with the results of transcriptional analysis of afsA, we will discuss the regulation of A factor biosynthesis.
Results
AfsA as a Possible Enzyme for A Factor Biosynthesis. We observed that afsA restored A factor production in S. griseus HH1 that contained a large deletion including afsA (10) . S. griseus mutant ⌬afsA containing a sole mutation in afsA showed the same phenotype as HH1. AfsA shows no homology to known proteins or motifs, although in silico analysis predicted a domain (Pfam03756) of Ϸ80 aa in AfsA (16) [see supporting information (SI) Fig. 5 ]. The presence of two Pfam03756 domains in AfsA means that a monomeric AfsA molecule takes an intramolecular dimer-like structure. Almost all proteins having a Pfam03756 domain(s) in the current protein databases are confined to AfsA homologues in Streptomyces. One example from organisms other than Streptomyces is a gene product (Gll2829) from Gloeobacter violaceus, having a Pfam03756 domain at its C-terminal region, annotated as a type I polyketide synthase whose C-terminal region is expected to be a thioesterase domain for polyketide chain release. Structure modeling of AfsA by S. Nakamura (personal communication) showed that, like FabZ (17), AfsA predicts a tunnel that would accept an acyl chain of acyl-ACP. The presence of such a tunnel in AfsA supported the idea that AfsA is involved in A factor biosynthesis at a step of condensation of a C 3 compound and a C 10 fatty acid derivative containing a ␤-ketoacyl chain.
Cell-Free Synthesis of A Factor. The expression of afsA alone in E. coli caused the host to produce a substance(s) having A factor activity but with a retention time slightly different from that of A factor on HPLC (11) . In the culture broth of E. coli carrying afsA, two new peaks that were absent in the broth of E. coli without afsA were detected on the basis of the [M-H] Ϫ ions on liquid chromatography-electrospray ionization mass spectrometry (LC-ESIMS) (data not shown). One peak contained a compound with its m/z 241 and MS/MS fragmentation pattern with peaks of 197, 167, and 143. The m/z value and the fragmentation into three were the same as those for A factor (see below). Because the culture broth showed A factor activity and because E. coli does not produce branched fatty acids, we assumed that this compound was an A factor analogue having a straight side chain of C 10 . The other peak contained a compound with its m/z 213 and three fragmented peaks of 169, 139, and 115. These values are all smaller by 28, corresponding to C 2 H 4 , than those of the compound in the first peak, which suggested that this compound represented an A factor analogue with a C 8 straight side chain. We did not further analyze these compounds produced by E. coli carrying afsA.
We next tried to produce A factor by using a cell-free extract from S. griseus that should contain branched fatty acids. The fatty acids of Streptomyces consist primarily of branched-chain fatty acids that are synthesized from isobutyryl-and methylbutyryl-CoA (18) . For this purpose, we purified histidine-tagged AfsA (H-AfsA) from E. coli harboring pQE80-AfsA ( Fig. 2A) . This plasmid was constructed so that the revised afsA-coding sequence (SI Fig. 6A ) was placed under the control of the T5 promoter. pQE80-AfsA would direct the synthesis of H-AfsA with a sequence of Met-Arg-Gly-Ser-His 6 -Gly-Ser-Ala-Cys-GluLeu-Gly-Thr-(AfsA: 2 Pro to 314 Gly)-Cys-Ser-Gln-Ala. Incubation of 25.6 g of H-AfsA with a crude lysate (387 g of protein) of mutant ⌬afsA did not give any significant signals with m/z values between 240 and 242 on LC-ESIMS analysis (data not shown), probably because the intracellular pool of ␤-keto acid derivatives, which are intermediates of fatty acid synthesis and the predicted substrates for A factor biosynthesis, is small in cells. We therefore synthesized 8-methyl-3-oxononanoyl-N-acetylcysteamine (NAC) [3b] (see SI Materials and Methods) that is a mimic of the corresponding ␤-ketoacyl-ACP [3a] and added it to the reaction mixture. Incubation of the reaction mixture con- A phosphate group is removed by a phosphatase, followed by nonenzymatic intramolecular aldol condensation. A C-C double bond is reduced by NAD(P)H-dependent reductases, resulting in A factor formation. Pathway B was also predicted by Sakuda et al. (1) and has been elucidated by this study. Nonenzymatic intramolecular condensation are followed by a C-C double-bond reduction step catalyzed by BprA. The last dephosphorylation step yields A factor.
taining the crude lysate (387 g of protein), 25.6 g of H-AfsA, and 28.7 g of 3b in a total of 100 l at 16°C for 120 min yielded a compound that eluted at the same retention time as authentic A factor on LC-ESIMS ( 2C) . These results further supported the idea that AfsA is a biosynthetic enzyme of A factor that uses 8-methyl-3-oxononanoyl-ACP as the C 10 substrate.
AfsA as an Enzyme Catalyzing Acyl Transfer Between DHAP and a Fatty
Acid Derivative. We tested pyruvate, phosphoenolpyruvate, 3-phosphoglyceric acid, glyceraldehyde-3-phosphate, dihydroxyacetone phosphate (DHAP), dihydroxyacetone, glycerol-3-phosphate, and glycerol as candidates of the C 3 substrate for AfsA. Each of these C 3 compounds was incubated in the mixture containing 8-methyl-3-oxononanoyl-NAC and H-AfsA, and the reaction products were analyzed by LC-ESIMS. Although no newly produced peaks were detected in any of the reactions, a decrease of the mass peak of 8-methyl-3-oxononanoyl-NAC was observed only when DHAP was used (data not shown). As described below, DHAP actually served as the C 3 substrate. The presence of a phosphate group in the product hampered the detection of a peak representing the coupling product between DHAP and 8-methyl-3-oxononanoyl-NAC.
We then prepared 32 P-labeled DHAP (DHA 32 P) and used it in the AfsA reaction. Radio-TLC analysis revealed a product with radioactivity, in addition to DHA 32 P (Fig. 3A) . Assuming that the product was an 8-methyl-3-oxononanoyl-DHAP ester [4] , we chemically synthesized this ester to use it as a reference (see SI Materials and Methods). The synthesized ester [4] showed the same R f value on TLC under the same conditions (Fig. 3A) . To identify the structure of the compound by LC-ESIMS, we removed a phosphate group of 4 by phosphatase treatment to facilitate ionization of the compound under the LC-ESIMS conditions. The dephosphorylated ester [5] was expected to result in forming a butenolide [6] nonenzymatically (Fig. 1) . The dephosphorylated product from the chemically synthesized ester [4] and from the product of the AfsA reaction between DHAP and 8-methyl-3-oxononanoyl-NAC eluted at the same retention time on LC-ESIMS (Fig. 3B) and had the same m/z value of 239.1 [M-H] Ϫ , representing the butenolide [6] , and the same MS/MS fragmentation pattern (Fig. 3C) . Thus, we concluded that AfsA catalyzed the condensation of DH A P and 8-methyl-3-oxononanoyl-ACP to produce the ␤-ketoacyl-DHAP ester [4] . In agreement with this conclusion, A factor was produced when the ester [4] was added to the cell lysate of mutant ⌬afsA, which showed that the function of AfsA was to produce this ester (Fig.  2 B and C) .
Biochemical Properties of AfsA. By using radio-TLC analysis, we determined enzyme properties of AfsA. The pH optimum for AfsA was determined to be 6.5-7.5 in Tris⅐HCl buffer and 7.0-8.0 in sodium phosphate-citrate buffer. Outside this pH range, the activity greatly decreased. The temperature optimum was 10-20°C, with an optimum at 15°C. At 30°C, the activity decreased to 32% of that measured at 15°C, and almost no activity was detected at 35°C. No metals were required for the activity, and EDTA (5 mM) had no effect on the reaction. The K m value for DHAP was 204.6 Ϯ 23.4 M, and the k cat value was 2.0 Ϯ 0.4 min -1 (SI Fig. 7) .
We used gel-filtration chromatography to determine the subunit structure of H-AfsA under nondenaturing conditions. A single peak representing H-AfsA eluted at 45.4 kDa. Because H-AfsA had a calculated molecular mass of 36.3 kDa and migrated at a position of 37.7 kDa on SDS/PAGE, we conclude that this protein is monomeric.
The Downstream Steps in A Factor Biosynthesis After the AfsA
Reaction. The conversion of the ester [4] to A factor [1] requires two further enzymatic steps after the condensation between DHAP and 8-methyl-3-oxononanoyl-ACP. According to pathway A in Fig. 1 , predicted by Sakuda et al. (1) , the first step is the removal of the phosphate group derived from DHAP by a phosphatase, and the second is the reduction of the C2-C3 double bond of the butenolide [6] formed from 5 by intramolecular aldol condensation. In fact, A factor formation in the crude lysate of mutant ⌬afsA after the AfsA reaction was inhibited by addition of sodium orthovanadate, a phosphatase inhibitor (data not shown). Furthermore, no A factor formation occurred unless NADPH was added, suggesting that the reductase required NADPH (data not shown). Because introduction of afsA in E. coli caused the host to produce an A factor analogue, perhaps having a straight side chain, these phosphatases and reductases may not be specific to the biosynthesis of ␥-butyrolactones but are present commonly in bacteria. Pathway A appeared to work for the conversion of the ester [4] to A factor [1] via the butenolide [6] , because (i) incubation of 4 in the lysate of mutant ⌬afsA without NADPH yielded the butenolide [6] , and (ii) 6 was reduced to A factor by the lysate of ⌬afsA in the presence of NADPH.
In bacteria, functionally related genes are usually encoded as neighbors. The nucleotide sequence in the neighborhood of afsA revealed the presence of an ORF encoding an oxidoreductaselike protein (Fig. 4A) . We named it bprA (butenolide phosphate reductase) because of its function described below. A similar oxidoreductase gene (SCO6267, 76% identity in amino acid sequence to BprA) is also located downstream of scbA, an afsA orthologue in S. coelicolor A3(2). We expected that BprA would be responsible for the reduction of the butenolide [6] . We prepared histidine-tagged BprA (H-BprA) (Fig. 4B) , with a sequence of Met-Gly-Thr-(BprA)-Arg-Ser-His 6 . The butenolide [6] was prepared by a phosphatase treatment of the ester [4] .
Incubation of 6 with H-BprA in the presence of NADH and NADPH did not reduce 6, however. Therefore we hypothesized pathway B in which a reductase first reduces a butenolide phosphate [7] to produce 8 and subsequently a phosphatase dephosphorylates 8 to produce A factor [1] . Because the butenolide [7] was formed nonenzymatically from the ester [4] in the reaction buffer, H-BprA was incubated with 4 in the presence of NADPH at 25°C for 60 min, followed by the addition of bacterial alkaline phosphatase (BAP) or the lysate of ⌬afsA. This reaction yielded a distinct amount of A factor (Fig. 4C) that confirmed the A factor activity in mutant ⌬afsA (data not shown). The BprA reaction required NADPH but not NADH. Although we did not determine the stereochemistry at position 3 of the A factor produced in this way, its biological activity suggested that almost the entire population of the molecules are the R-form; the 3R-form is essential for A factor activity (19) . Thus, A factor is synthesized through not only pathway A but also pathway B. Because of the operon structure of afsA and bprA, we speculate that pathway B is the major route for A factor biosynthesis in S. griseus.
Discussion
AfsA as the Key Enzyme for A Factor Biosynthesis. AfsA catalyzes a crucial step for A factor biosynthesis whose reaction is a new type of acyl transfer. DHAP acyltransferase (DHAPAT) (20) that is involved in lipid formation in mammalian and yeast cells also catalyzes acyl transfer between DHAP and long-chain fatty acyl-CoAs but does not use ␤-ketoacyl-ACP or -CoA. Because the acyl-DHAP formed by DHAPAT contains no ␤-keto groups that cause the ␣-carbon to have much reactivity to facilitate intramolecular cyclization, no ␥-butyrolactone ring is formed by the DHAPAT reaction. Although DHAPAT has not been found in bacteria, sn-glycerol-3-phosphate acyltransferase (G3PAT) that is also involved in membrane lipid formation in bacteria is similar to DHAPAT in catalysis (21) . G3PAT catalyzes acyl transfer between G3P and acyl-ACP or -CoA without formation of a ␥-butyrolactone ring. AfsA probably has no evolutional relation with these enzymes, because DHAPATs and G3PATs show no homology in amino acid sequence with AfsA.
As mentioned above, an AfsA monomer appears to form an intramolecular dimer-like structure involving the repeated Pfam03756 domains. Because no conserved serine or cysteine residues to which the ␤-ketoacyl moiety attaches are present in Pfam03756 domains, we speculate that AfsA catalyzes the direct ␤-ketoacyl transfer, like the acyl transfer by G3PAT, without forming a ␤-ketoacyl-AfsA complex (22) . Serine proteases, thioesterases, and lipases employ an Asp(Glu)-His-Ser catalytic triad for their catalysis; the Asp-His charge relay system increases the nucleophilicity of the Ser, which attacks the substrate to form an acyl-Ser intermediate that is subsequently hydrolyzed. In G3PAT, the Asp and His in the HX 4 D motif may play a similar role in catalysis, with the hydroxyl group of the sn-G3PAT acyl acceptor being analogous to the hydroxyl group of the active site Ser in the catalytic triad and the acyl-G3PAT product being analogous to the acyl-Ser intermediate. An Asp (Glu)-His charge relay in AfsA might increase the nucleophilicity of the hydroxyl group of DHAP as the ␤-ketoacyl acceptor. His-222, Asp-231, His-232, and Glu-240 are conserved in the C-terminal Pfam03756 domains of AfsA homologues (Fig. 5) . Alternatively, the conserved glutamate residues (Glu-78 and Glu-240; Fig. 5 ) in both of the C-and N-terminal Pfam03756 domains may serve as bases for deprotonation from the hydroxyl group of DHAP, which causes a nucleophilic attack on the ␤-ketoacyl chain. Determination of the structure of AfsA by x-ray crystallography will clarify the mechanism of the AfsA reaction.
The Variety of ␥-Butyrolactone Signal Molecules in Streptomyces.
There are two structural differences in the ␥-butyrolactone signal molecules in Streptomyces; one is the length and branching of the fatty acid side chain, and the other is the reduction state of the 6-oxo group (2, 13) . The difference of the side chain can be ascribed to the variety of the ␤-ketoacyl-ACPs used by AfsA and its homologues. In Streptomyces, branched-chain fatty acids, which constitute the majority of the fatty acid pool, were biosynthesized by using amino acid degradation products methylbutyryl-and isobutyryl-CoA as starter units by type II fatty acid synthase (18, 23, 24) . SCB1 in S. coelicolor A3(2), having the same C 10 branched side chain as A factor, should be formed by ScbA from the same ␤-ketoacyl-ACP as for the A factor biosynthesis. The difference at position 6, either a keto or a hydroxyl group, can be ascribed to the existence and stereoselectivity of the reductase that reduces this position. Because of the absence of such reductases in S. griseus, position 6 of A factor remains as a keto group. On the other hand, VBs in S. virginiae and SCB1 in S. coelicolor A3(2) have a hydroxyl group at position 6. BarS1 in S. virginiae was isolated as an NADPH-dependent reductase that reduces the 6-oxo group of the penultimate intermediate in the VB biosynthesis (25) .
All of the ␥-butyrolactone regulators so far isolated have the 3R-form. The stereochemistry at this position depends on the reductases that reduce the C2-C3 double bond of the butenolide intermediate. We assume that the reductases, including BprA, responsible for the reduction of the butenolide have the proper stereospecificity to generate the 3R configuration.
Regulation of A Factor Biosynthesis. A factor is accumulated in a growth-dependent manner and reaches a maximum, 25 to 30 ng/ml (Ϸ100 nM), at or near the middle of the exponential growth (Fig. 6C ). The extremely low concentration of A factor is still enough for triggering secondary metabolism and morphological development, because exogenous supplementation of A factor at 1 to a few nM is enough to restore streptomycin production of A factor-deficient mutants (19) . How is the A factor biosynthesis in such small quantities controlled during the growth? The transcription of afsA, starting at two points, was constant during early growth and appeared to increase during the stationary phase (Fig. 6D) . Therefore, it is most likely that the time course of A factor production at the extremely low concentration is due to the availability of the substrates for AfsA. The concentration of DHAP [2] , derived from glycolysis, depends on the physiological state. The 8-methyl-3-oxononanoyl-ACP [3a], which is synthesized by condensation of three acetate units with the starter substrate isobutyryl-CoA, should be an intermediate in primary fatty acid biosynthesis and is leaked from the pathway. Therefore, the intracellular pool of the ␤-keto acid derivatives including 3a must be extremely small. Consistent with this, supplementation of 3b, a mimic of 3a, was required for the synthesis of A factor in detectable amounts by using the cell lysate of mutant ⌬afsA. Both glycolysis and fatty acid synthesis are active during exponential growth, which is reflected in the time course of A factor production. Therefore, the amount of A factor accumulated, which is synthesized from DHAP and the acyl-ACP by the action of AfsA, reflects the growth period and thus determines the timing of secondary metabolite formation and morphological differentiation. The biosynthesis of A factor reflective of the amount of the intermediates of the primary metabolism or the growth of Streptomyces is analogous to that of N-acylhomoserine lactones in Gram-negative bacteria; Nacylhomoserine lactones are biosynthesized from S-adenosylmethionine derived from the amino acid biosynthesis pathway and the diverse intermediates in fatty acid biosynthesis (26) .
Materials and Methods
Bacterial Strains, Plasmids, and Media. S. griseus IFO13350, media, and pAFB1 were described in refs. 10, 11, 27, and 28. Mutant ⌬afsA was generated as described in SI Materials and Methods. pDAF2 containing the 4.8-kb EcoRI fragment downstream from afsA on pUC19 were constructed and used for the gene manipulation described below. E. coli strains and plasmid pUC19 were purchased from TaKaRa Biomedicals, Shiga, Japan. A factor was chemically synthesized essentially according to Mori (29) .
Production and Purification of H-AfsA. The afsA sequence was amplified by PCR with pAFB1 as a template and the following primers: afsA-F, 5Ј-GGAATTCGGTACCCCCGAAGCAG-CAGTCTTGATC-3Ј (with an EcoRI site shown by underlining and a KpnI site shown by italic letters) and afsA-R, 5Ј-AAAACTGCAGCCGTGGGCCCGGGGGCCGGAC-3Ј (with a PstI site shown by italic letters). The EcoRI-PstI fragment excised from the amplified afsA sequence was cloned between the EcoRI and PstI sites of pUC19, resulting in pUC19-afsA. The absence of PCR errors was checked by nucleotide sequencing. The KpnI-PstI fragment excised from pUC19-afsA was cloned between the KpnI and PstI sites of pQE80-L (Qiagen, Valencia, CA), resulting in pQE80-AfsA.
For production of H-AfsA, E. coli BL21(DE3) cells harboring pQE80-AfsA were grown, collected after induction of the T5 promoter with isopropyl-␤-D-thiogalactopyranoside, and sonicated. The sonicate was centrifuged to remove cell debris. H-AfsA was purified by using Ni-nitrilotriacetic acid (NTA) agarose (Qiagen), essentially according to the manual from the manufacturer. The H-AfsA sample was dialyzed against 10 mM Tris⅐HCl (pH 7.4) containing 330 mM NaCl, 10% glycerol, and 1 mM DTT. H-AfsA was further purified by chromatography on a HiTrap Q column (Amersham Biosciences, Piscataway, NJ) equilibrated with the dialysis buffer. H-AfsA recovered in the flow-through fraction was collected. Proteins were quantified by using a protein assay kit (Bio-Rad, Hercules, CA) with BSA as
